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Abstract

Presence of induced mesoscopic gradients of magnetic field in magnetically heterogeneous samples affects the measured value of
apparent diffusion coefficient. This effect is investigated theoretically in the context of diffusion measurements in perfused biological
tissues with blood as the paramagnetic compartment. It is shown that the apparent diffusion coefficient is sensitive to mutual cor-
relations in vessel positions. Neglect of these correlations results in a failure of the commonly used model of microvasculature in
which vessels are described as independently placed cylinders. The model is modified to account for intervessel correlations. The
results indicate an underestimation of apparent diffusion coefficient in proportion to the magnetic susceptibility of intravascular
compartment in agreement with published experimental data. The proportionality coefficient depends on the microvascular archi-
tecture. Comparison with experimental data yields a numerical value for a new model parameter that characterises the correlation in

mutual positions of blood vessels.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Determination of diffusion coefficient by NMR is ac-
complished by comparison of a measured signal re-
sponse to applied gradient of magnetic field with a
theoretical prediction obtained for homogeneous medi-
um. This method faces a problem when applied to mag-
netically heterogeneous media such as biological tissues
in which the actually present gradients can hardly be
monitored. The intrinsic magnetic inhomogeneity of liv-
ing tissues arises from blood which is paramagnetic in its
deoxygenated state. When exposed to the strong mag-
netic field, the blood vessels induce mesoscopic fields
thus changing the local value of the applied gradient.
Hereafter, the mesoscopic scale implies the lengths of
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the order of the size of cells and small vessels (several
micrometer and above) in contrast to the microscopic
scale of molecular processes and to the macroscopic di-
mensions of imaging (of the order of millimeter and
above). For example, a capillary of radius 3.5um in
the field 1.5T creates the local gradient up to 200mT/
m, which is stronger than the typically used diffusion
weighting gradients in human studies. A consistent the-
ory for interpretation of diffusion measurement in mag-
netically heterogeneous media is currently not available.

Zhong, Kennan, and Gore [1] demonstrated an ap-
preciable effect of mesoscopic gradients. They found
that doping bulk blood with an extracellular contrast
agent increases the echo magnitude in presence of diffu-
sion weighting. This counterintuitive result was ex-
plained by the effect of regions in which the applied
gradient was compensated by the susceptibility induced
ones. Assumption of Gaussian distribution of meso-
scopic gradients helped to understand the effect in
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frames of a theoretical model, although this model, be-
ing unrealistic, could not provide a satisfactory quanti-
tative description. Neither it had a prediction
capability because of the necessary adjustment of inter-
nal parameters to experimental data.

Similar effect was discovered by the same group in an-
imal experiments [2]. It was found that there was a linear
dependence between the relative increase in the apparent
diffusion coefficient in the rat brain and the intravascu-
lar magnetic susceptibility with a coefficient 33%/ppm.
A quantitative theory of this effect is currently lacking.

The effect of background gradients can be reduced by
replacing the constant segments of the applied gradient
with a train of alternated gradient pulses interleaved
with refocusing pulses [3]. This increases significantly
the quality of diffusion-weighted imaging at the cost of
reduced weighting [4].

The idea motivating this study is inferring informa-
tion about the morphological properties of microvessels
from the measured effect of the background gradients.
This is only possible with a quantitative theory at hand.
To build such a theory is the aim of the present study.

This paper is structured as follows. The problem is
first analysed within the available theory of transverse
relaxation in the microvascular network [5-7]. Although
successful in the absence of diffusion weighting, the in-
volved tissue model fails to yield reasonable results for
a sufficiently strong diffusion weighting. Analysis show
that this happens due to the neglect of correlations in
the mutual positions of vessels. A new modified model
is proposed. It results in a reasonable agreement with
the available experimental data and predicts a depen-
dence of signal attenuation on details of microvascular
architecture.

2. Tissue model

Investigated tissue is treated as a macroscopically ho-
mogeneous and isotropic medium. Mesoscopic inhomo-
geneities arise from the microvasculature which is
modeled with a large number N of randomly positioned
and oriented straight infinite cylinders [5-7]. The cylin-
der positions are statistically independent in the original
model [5-7], which is hereafter referred to as the model
of independent cylinders. The cylinders, which are char-
acterized by their magnetic susceptibility y and radius p,
occupy a fraction { of the total volume. The diffusion in
the parenchyma is assumed to be free with an effective
constant D. Throughout this study the intravascular sig-
nal is neglected, due to the small blood volume fraction,
the suppression of signal from moving blood at large b-
factors and the presence of an intravascular contrast
agent discussed below.

The following default values are used in performed
numerical calculations. D = 0.8 um?*/ms, which is close

to the observed apparent diffusion coefficient in the hu-
man brain [8], y=0.43x 107" in the SGC units for
blood deoxygenated by 40% [9]. The blood volume frac-
tion in the arterial, capillary, and venous pools is as-
sumed to be 0.5, 2, and 1%, respectively. The apparent
smallness of these values is specific for NMR imaging
as discussed in [10]. The variation of magnetic suscepti-
bility in capillaries between their arterial and venous
ends is roughly simulated by accounting only for a half
of capillaries. This gives an effective volume fraction of
paramagnetic blood {=2%. The effective radius of
monosized cylinders is calculated by averaging p~ 2> as
discussed in [10]. This results in p = 8.5um. All three
blood pools are taken into account in simulating the ef-
fect of paramagnetic blood pool contrast agent. This
gives { = 3.5% and p = 7.2um. The blood magnetic sus-
ceptibility in this case is assumed to be 10-fold increased
and equal in all pools: y =4.3x 107"

3. Signal attenuation in magnetically inhomogeneous
tissues

Interpretation of diffusion measurements is based on
a linear exponential dependence of the NMR signal, s,
on the diffusion coefficient D

s = soe 7P, (1)

Here s is the signal in the absence of diffusion weight-
ing, the quantity by, which is called the b-factor, depends
on the applied gradient and the involved pulse sequence.
In the present paper, the Stejskal-Tanner pulse sequence
[11] is considered for which

by = G25% - (A - g) (2)

in homogeneous media. Here Gy is the magnitude of the
applied gradient Gg of the local cyclic Larmor frequen-
cy. It is measured, for example, in s~ !/m. Throughout
this paper, the bold and the corresponding cursive letters
denote vectors and their magnitudes, respectively. The
present analysis is restricted to the gradient applied in
the direction of the main magnetic field, By. The timing
parameters ¢ and A define the duration of the gradient
pulse and the diffusion time (Fig. 1A). The following
values are used as the default parameters for numerical
calculations simulating the diffusion measurements
at Bp=1.5T with a strong diffusion weighting: Gy =
40mT/m, 6 = 40ms, 4 =45ms, and T = 100 ms.

Magnetic field gradient experienced by spins in the in-
homogeneous media differ from G, by the locally in-
duced gradient, G;. The diffusion weighting reduces
the magnetization of individual spin packets by e ??
with a position-dependent b-factor, b. The total signal
is found by the averaging over all positions and orienta-
tion of paramagnetic vessels:
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Fig. 1. Symbolic representation of the Stejskal-Tanner pulse sequence.
Transverse signal is excited by the n/2 pulse, refocused by the © pulse
and recorded at the echo time, Tg. (A) Shows the applied pulse
sequence. Gradient Gy is acting during time 0, the diffusion time is 4.
The b-factor for homogeneous media is given by Eq. (2). (B) Illustrates
the gradient experienced by spins in the magnetically inhomogeneous
media. For the same timing, the diffusion weighting is provided by the
sum of applied gradient G, and a constant component G; which is
induced by the heterogeneous magnetic susceptibility. The b-factor is
given by Eq. (4).

S = S0<e_bD>. (3)

The present analysis is applied to the case of static de-
phasing in which G; changes over distances, which are
longer than the diffusion length of the spin bearing mol-
ecules. This allows for treating G, as a constant for each
individual spin (Fig. 1B). A straightforward calculation
for the pulse sequence shown in Fig. 1B results in

b A-38\  GIT}
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where bg is given by Eq. (2).
The mesoscopic gradient G, is a sum of gradients in-
duced by individual vessels

Gl = Zgn’ (5>

where n = 1,...,N counts all vessels, which are described
as infinite straight cylinders (Section 2). Each cylinder
contributes the following value to the local Larmor fre-
quency

2
w, = 5a)p—£’ cos 2¢nsin20,,. (6)
rn

Here dw =2myyB, is the maximal deviation from the
Larmor frequency on the cylinder surface, with y denot-
ing the gyromagnetic ratio. Other notations are ex-
plained in Fig. 2. Finally, g,=Vw, provides an
explicit expression to be used in Eq. (4).

The averaging of Eq. (4) over the vessel positions is
hindered by the presence of terms with m # n in the sum

G% = nggn' (7)

This sum can be approximated by its diagonal part
with n =m provided the volume fraction of blood, (,
is low, which is a good assumption for the majority
of organs, in which ( is a few per cent. In such tissues,
the vessels are separated by distances, which are typi-
cally larger than their diameters. The cross-terms with
m # n in the double sum in Eq. (7) are then everywhere
small, since they are products of two factors that peak
near different vessels. The smallness of these terms

Fig. 2. Geometric parameters associated with individual cylinders.
The cylinder of radius p forms the angle 6 with By. The polar
coordinates in the plane, which is normal to the cylinder, are specified
by the distance r and the angle ¢. The latter is measured from the
projection of the main field. All parameters acquire subscript n in Eq.

(©).

alone is not sufficient to neglect them, since their num-
ber is proportional to N which is much larger than
N, the number of diagonal terms. Omitting the
cross-terms is made possible by an observation that
the sum over the vicinity of a given vessel converges:
€, > m &n <oo. Thus, the actual contribution of these
terms is proportional to N rather than N2. The conver-
gence follows from the fact that the gradient induced
by a single vessel is inversely proportional to the third
power of separation r from the vessel, Eq. (6). The in-
dependence of the cross-terms on the applied gradient
suggests that their contribution in the signal attenua-
tion should be relatively small for large G,. However,
this is only true provided the configurations with
closely situated vessels give a small contribution to
the signal proportionally to their low statistical weight.
This condition can be violated as discussed below in
Section 5.

Neglecting the intervessel cross-terms gives the fol-
lowing approximate form to Gf

Gi~) g (8)

Substitution of this expression in Eq. (4) results in the
following decomposition of e ”” in factors contributed
by individual vessels:

e P e P H v, 9)

Here bq is deterministic, not subjected to averaging. It
would be the experimental b-factor in the magnetically
homogeneous sample. The quantity , arising from
the nth vessel takes the form

In lpn = 7(b - bO)D
_ 0 A4-06\ _DgT;
(10)

according to Eq. (4). This expression is the subject to the
statistical averaging as discussed below.
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4. Averaging over independent vessel positions

Statistical independence of cylinders assumed in mod-
el [5-7] simplifies the averaging over their positions. The
mean value of product in Eq. (9) is the product of the
mean values:

s =soe P T (11)
Each factor (y,,) is the averaged effect of a single vessel
on the spin packet magnetization. It takes the following
form [5-7]

=[]

2

B o do [d%
71—7 ﬂ/n_/ﬂ(l_l/j)' (12)

Here, the integration Jdo/4n performs the averaging over
the vessel orientations. It can incorporate if necessary
the averaging over its radius and other parameters such
as, e.g., its magnetic susceptibility. The inner integral
fulfills the averaging over the vessel position in the
plane, which is orthogonal to the vessel (Fig. 2). This
plane crosses the entire sample over a macroscopic area
A. The transition between the two integral forms in Eq.
(12) occurs by the substitution y = 1 — (1 — /). The sub-
script n in y,, is omitted for simplicity.

The ratio np?/4 in Eq. (12) is the fraction of volume
occupied by the single vessel. As this value is very small,
one can convert the last expression in Eq. (12) into an
exponential function, substitute it in Eq. (11) and calcu-
late the product [5]. This results in the following form of
the signal

s do [d>
lngz—boD—C/E/sz(l—'P)a (13)

where { = np>N/A is the volume fraction occupied by all
vessels. This is the basic formula of the previously devel-
oped theory [5-7]. Its application to the considered
problem is achieved by accounting for the applied gradi-
ent in attenuation factor y according to Eq. (10).

5. Results for model of independent cylinders

Numerical evaluation of integral in Eq. (13) yields the
signal, which can be considered as a function of b-factor
Eq. (2). This function shows a rapid exponential in-
crease in the signal for large b-factors such that
boD = 1 (Fig. 3). An estimate gives in the limit oD > 1

owTg e

Ins ~ 0.657¢ =,
(Sawip)' u

(14)

where

0 2 4 6

Fig. 3. Logarithm of signal attenuation as a function of b-factor Eq.
(2) as predicted by the model of independent cylinders. The dashed line
shows the function —byD which is expected in homogeneous samples.
The nearly straight solid line is the model prediction for the default
parameters defined in Section 2 and after Eq. (2). The upper line
represents the calculated signal in the presence of the blood pool
contrast agent as described in Section 2. The unrealistic increase in the
signal for large by is due to overlapping vessels as discussed in the text.
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This indicates that the model of independent cylinders
faces a serious problem which is discussed in the rest
of this section.

The failure to give reasonable results is related to con-
figurations with overlapping cylinders. Such configura-
tions are not present in the real vascular network, but
they are allowed in the model. According to the model,
two completely overlapping cylinders create a twofold
stronger magnetic field, which is unrealistic. This draw-
back does not cause any problem for modeling the sig-
nal relaxation in the absence of the diffusion weighting
[5-7], since such configurations contribute proportional-
ly to their low statistical weight. This proportionality is
insured by the restricted contribution of individual ves-
sels: ¥ <1 according to Eq. (10) for Gy = 0. The weight
is proportional to the factor (. For the typical MR im-
aging and tissues with { < 0.1, this value is negligible,
since it is below the noise level.

In the presence of strong diffusion weighting, contri-
butions ,, of individual vessels in Eq. (9) can become
exponentially large limited to , < e™?. This happens
for spin packets located in the regions in which a partial
compensation occurs between the applied and the in-
duced gradients (Gog, < 0 in Eq. (10)). The exponential
increase in their contribution to the signal overrides the
small statistical weight of the favorable configurations
of vessels. The extent of the gradient compensation in
the field of a single vessel is limited by the restricted val-
ue of the induced gradient whose maximum is 2dw/p.
This limit is pushed aside by overlapping cylinders. A
sufficiently large number of coinciding cylinders can
compensate for any given external gradient. The results
in the unrealistic signal increase.
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This increase seen in Fig. 3 is too unrealistic, since the
signal hitts the obvious limit s < sy. This limit would be
preserved in the full theory, in which the cross-terms
with m # n in Eq. (7) would balance against the large po-
sitive contributions. In the present model these terms
have been omitted in the transition from Eq. (7) to
Eq. (8) for the sake of independent averaging over cylin-
der positions Eq. (11). Note that the account for the
cross-terms would not change qualitatively the signifi-
cant increase in the signal at large b, since this effect fol-
lows from the statistical properties of the model.

6. Model of mutually avoiding cylinders

Let us construct a model of microvasculature in
which the advantage of independent averaging over ves-
sels is preserved, but the probability of cylinder overlap-
ping is reduced. It will be referred to as the model of
mutually avoiding cylinders. Consider first the parallel
cylinders the positions of which are defined by their
cross-sections with the orthogonal plane (Fig. 4A). Let
us divide this two-dimensional space in cells (Fig. 4B).
Each cell may be either vacant or occupied by a single
vessel. Let the occupation probability be p and the cell
area be 0. The appearance of the stochastic vessel distri-
bution is now achieved by random independent occupa-
tion of the predetermined cells.

As above, the measured signal is proportional to the
average factor (¢ ””) in the magnetization of spin pack-
et located at the origin (Fig. 4). The factorization of this
quantity expressed by Eq. (9) holds. It is convenient to
extend the product in Eq. (9) to the whole lattice assum-
ing that each empty cell contributes a factor of unity.
Then the averaging in (¢ ") can be performed indepen-
dently for each cell with the result

s = soe TTI0 = p) = p). (16)
Al o e
® ®
® ® @ @
® ®
® @
® ®

Fig. 4. Model of mutually avoiding cylinders for the simplified case of
their parallel alinement. The reference frame is shown with the thick
line crossing. The spin packet, the magnetization of which is studied, is
shown with a black dot at the origin. Each cylinder is represented with
its cross-section (circles) with the image plane. Apparently random
cylinder positions (A) are treated as a random occupation of the
predefined cells of a lattice (B).

Here, the subscript « counts the cells, 1 — p and p are re-
spectively the probabilities for a given cell to be vacant
or contain a vessel. The relaxation effect of this vessel
on the spin packet at the origin is denoted here as ,.

Equation (16) can be given a form, which is similar to
the basic formula Eq. (13) of the model of independent
cylinders. To do so, one has to take logarithm of both
sides of Eq. (16) and approximate the sum over « by
an integral over x. This gives

2
lni:—boD—&—/d—xln[l—p-(l—lp)], (17)
So g

where ¥/ is now understood as a function of x. This for-
mula is exact in the limit of vanishing cell size, which is
not implied in general.

The generalization of the model for the randomly ori-
ented cylinders is straightforward. One has to add two
angular dimensions that define the cylinder orientation
and repeat the above calculation for every plane which
is rotated according to a selected grid in angle space.
In-plane occupation probability p should be reduced ac-
cording to the increased number of available orienta-
tions. The value of p can be considered as a constant
for all cells in the four-dimensional lattice (consisting
of two angular and two in-plane dimensions). The suffi-
cient conditions for that would be the isotropic vessel
distribution, the cells with equal area and equal solid an-
gle in the angular lattice. This results in the same signal
form as in Eq. (16), but with o counting all cells in the
four-dimensional lattice. Finally, the summation over
vessel orientation is replaced with an integration result-
ing in the same angular integral as in Eq. (13) to appear
in Eq. (17) (see Eq. (18) below). This construction elim-
inates the configurations with coinciding vessels, but still
allows for crossing of non-parallel vessels. As shown be-
low, this is sufficient for the consistency of the model.

The model parameters p and ¢ are related to the vol-
ume fraction of vessels. Indeed, { = pz, where z = np*/o
is the filling factor, which is the fraction of volume occu-
pied by the vessel centered in its cell. Substitution of
p = {/zin Eq. (17) yields the basic equation of the model
of mutually avoiding cylinders:

s do [d*
ln%:—boD—s—z/ﬁ/n—pzln{l—g(l—xp)} (18)

Logarithm in this formula can be expanded when
{-(W—1D/z < 1 giving the previously known result Eq.
(13) for the model of independent cylinders. With the
strong diffusion weighting,  becomes exponentially
large in certain regions of x. In this case, Eq. (18) should
be used, in which the increase in  is reduced by the log-
arithm, while the theory based on the model of indepen-
dent cylinders Eq. (13) fails.

Parameter z enters the result although the explicit lat-
tice is not represented in the integration in Eq. (18). For
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the continuous vessel distribution, z shows how close
two neighboring vessels are allowed to be. The lower
bound on z is set by the restriction z > {, since p < 1.
Near this limit the vessels form an almost regular patten
with p~1, which reminds of the lattice put in the model
origin. The larger is z, the more independent the vessel
positions are. The distribution of distances between
the closest neighbours becomes broader. For z>1 a
partial vessel overlap is allowed. In the limit z — oo,
the vessels become statistically independent and Eq.
(18) turns into Eq. (13).

7. Results for model of mutually avoiding cylinders

Integration in Eq. (18) was performed numerically in
the way similar to calculation of the vessel dephasing ef-
fect described in [7]. A comparison with the model of in-
dependent cylinders is presented in Fig. 5. The
divergence seen in Fig. 3 disappears in agreement with
the above discussion. The residual z dependence indi-
cates that the signal is sensitive to the mutual correla-
tions in the vessel positions. There is currently no
theoretical estimate available for the value of z. This pa-
rameter should be rather low to restrict the overlapping
of cylinders. For the following estimates the values
z=1.4{ and z = 2{ are used. The former is found from
comparison with experimental data as described below.

Typical results for realistic tissue parameters are
shown in Fig. 6. All lines in the figure are nearly straight
lying above the product —byD. The measurement re-
sults, if treated in the common way, would lead to an
underestimation of the diffusion coefficient. The relative
error is a slightly increasing function of byD for all data
shown in Fig. 6. The correction should decrease again
for very strong weighting for which the applied gradient

b, /(ms/pm?) ]

0 2 4 6

Fig. 5. The same as in Fig. 3 for the model of mutually avoiding
cylinders. The upper dashed line reproduces the prediction for the
measurement with the contrast agent enhancement shown in Fig. 3.
The lower dashed line shows the term —byD. The solid lines represent
results for the same parameters with z taking the following values
(from top to bottom): z=10, z =1, z=0.1, z = 0.07 (which is z = 2{),
and z = 0.038.

0

1t

N
2t ~
\

by /(ms/pm?) N

0 2 4 6

Fig. 6. The same as in Fig. 3 for the model of mutually avoiding
cylinders. Three solid lines represent results (from bottom to top) for
the following cases: (i) diffusion measurement with the default
parameters, the maximal correction to —boD is 4%, (ii) for a tissue
with the high blood volume fraction { = 10%. The maximal correction
to —boD is 20%; and (iii) for the measurement with the paramagnetic
contrast agent. The maximal correction to —byD is 37%.

is much higher than the mesoscopic ones. This is sup-
ported by data shown in Fig. 7.

The decrease in the apparent diffusion coefficient seen
in Fig. 6 agrees with experimental results [2]. The depen-
dence between the apparent diffusion coefficient in the
rat brain (—In(s/so)/by in the present notations) and the
intravascular magnetic susceptibility was found to be
linear with a coefficient 33%/ppm. The default values de-
fined in Section 2 result in 52%/ppm. The experimental
value can be reproduced by adjusting z and by using
of the experimental parameters [2] (By = 2T, Tg = 42ms,
A =23ms, 5§ = 8ms, and b = 1.35ms/um?). This re-
sults in z = 1.4¢.

The calculation of the mean vessel radius via the av-
eraging of p~%3, which was performed in Section 2, em-
ployed the theory developed for Gy =0. Numerical
calculations show that the same form of vessel calibre
dependence holds for the relative underestimation of

1.5 b, /(ms/um?)

10° 10’ 10?

Fig. 7. The per cent correction AbD = —[In(s/sy) + byD]/byD as a
function of b, for unrealistically strong diffusion weighting up to
b=500ms/p m> which is examined in order to demonstrate the
decrease in AbD for strong weighting. Other parameters correspond to
the lower solid line in Fig. 6.
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Fig. 8. The coeflicient in the liner relationship between the increase in
blood magnetic susceptibility and the apparent underestimation the
diffusion coefficient shown as a function of radius of monosized vessel
population (solid lines). The tissue parameters are set by default values
described in Section 2 for contrast enhanced measurements. The
measurement parameters corresponds to experiments of [2]. The
correlation parameter z takes the values z=1.4{ and z=2({ as
indicated. The dashed line shows the dependence p~2, which describes
the data well.

the diffusion constant (Fig. 8). This supports the choice
of parameters, but this also indicates that the discussed
relation between the apparent diffusion and doping
blood with paramagnetic contrast is not more sensitive
to the vessel calibre than the transverse relaxation of
the spin echo.

The model described by Egs. (10) and (18) possesses
scaling rules due the fact that a number of its parameters
is combined in two terms in Eq. (10). First note that an
increase in the diffusion coefficient by a factor, &, such
that D — kD, can be compensated by a simultaneous re-
duction of all time parameters, J, 4, and Tg by a factor
k. For the unchanging sequence timing, the rescaling
Gy — k"G, and x = k"x in Eq. (18) with account
for Eq. (6) leaves ¥ and the b-factor unchanged. This re-
sults in an increase in the difference In(s/sg) + boD in
Figs. 5 and 6 by a factor k. The dependence on the
echo and diffusion time can be evaluated in a similar
way.

8. Discussion

The developed model of mutually avoiding cylinders
is embedded in the framework of existing theory of
transverse relaxation in biological tissues [5-7]. The
model interpolates between the independent placing of
cylinders, which simulate the vessels, and their correlat-
ed positions. In the limiting case of strong correlation
the vessel form a lattice, which is hidden in the integral
in Eq. (18). The integration should correctly reflect the
dependence on involved parameters, but result in differ-
ences in numerical coefficients as compared with the
summation over specific lattices. The lattice results can
be found directly from Eq. (16), but it would be of little

practical help unless the genuine microvascular architec-
ture displays the corresponding regularity. It is known
that the capillary positions are indeed correlated [12]
making the distance between them less varying as it
would be for their independent placement. This can be
understood as a mechanism for the maximal homogene-
ity in the oxygen supply. This property gives credit to
the above found value z = 1.4{, which indicates signifi-
cant correlations in the mutual vessel positions.

Present results demonstrate that the signal attenua-
tion in diffusion measurements is sensitive to the archi-
tecture of microvascular network. This goes in line
with the sensitivity of transverse relaxation to the struc-
ture of paramagnetic objects that induce the mesoscopic
gradients [13,14]. In the present context the effect is due
to the unsuppressed signal from a number of mesoscop-
ic regions in which the field of specifically arranged
nearest vessels compensates for the applied gradient.
In the model of independent cylinders, these regions
dominate the signal in spite of their low statistical
weight. In the model of mutually avoiding cylinders,
which results in the logarithm in Eq. (18), there is no
dominant contribution, but the dependence on the cor-
relation in vessel positions holds.

The results obtained show the capability of diffusion
to probe the microvascular architecture when combined
with the enhancement of mesoscopic gradients by an in-
travascular contrast agent. Exploring the mesoscopic
structure is currently considered as a prerogative of dif-
fusion [15-17]. The underlying mechanism is the restric-
tion of diffusion imposed by the investigated structure.
It takes effect at distances of the order of the diffusion
length. Another kind of examination is enabled by the
paramagnetism of the mesoscopic sub-structure. The in-
duces magnetic fields cause an increase in the transverse
relaxation, which is sensitive to the shape of the field
source [13], though this sensitivity is mediated by an ef-
fectively short-ranged interaction [14]. In contrast, the
proposed mechanism makes use of diffusion as a local
probe of long-ranged magnetic fields the extent of which
is larger than the diffusion length.

9. Conclusion

It is demonstrated theoretically that the susceptibility
contrast between the intra and extravascular compart-
ments in perfused biological tissues results in an under-
estimation of apparent diffusion coefficient. The effect is
shown to be small for realistic tissue and NMR param-
eters, but it is appreciable in blood enriched organs such
as liver or under enhancing the blood paramagnetism
with a contrast agent. The correction magnitude turns
to be sensitive to the mutual correlations in the vessel
positions, which are characterised by a new parameter,
the value of which is found in comparison with experi-
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mental data. Developed theory agrees with experimental
results [2] obtained in the rat brain.
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